We compared histomorphological features and molecular expression profiles of adrenocortical adenomas (ACAd) and carcinomas (ACCa). A critical histopathological review (mean, 11 slides per patient) was conducted of 37 ACAd and 67 ACCa. Paraffinembedded tissue cores of ACAd (n ‫؍‬ 33) and ACCa (n ‫؍‬ 38) were arrayed in triplicate on tissue microarrays. Expression profiles of p53, mdm-2, p21, Bcl-2, cyclin D1, p27, and Ki-67 were investigated by immunohistochemistry and correlated with histopathology and patient outcome using standard statistical methodology. Median follow-up period was 5 years. Tumor necrosis, atypical mitoses, and >1 mitosis per 50 high-power fields were factors that were highly specific for ACCa (P < .001). Number (0 to 4) of unfavorable markers [Ki-67 (؉), p21 (؉), p27 (؉), mdm-2(؊)] expressed was significantly associated with mitotic activity and morphologic index (i.e., number of adverse morphologic features) and highly predictive of malignancy (P < .001). Ki-67 overexpression occurred in 0 ACAd and 36% ACCa (P < .001) and was significantly associated with mitotic rate and unfavorable morphologic index (P < .001). Tumor necrosis, atypical mitoses, >5 mitoses per 50 high-power fields, sinusoidal invasion, histologic index of >5, and presence of more than two unfavorable molecular markers were associated significantly with metastasis in ACCa. Wellestablished histopathologic criteria and Ki-67 can specifically distinguish ACCAd from ACCa. Tumor cell proliferation (Ki-67) correlates with mitotic activity and morphologic index. Tumor morphology is a better predictor of metastatic risk in ACCa than current immunohistochemistry-detected cell cycle regulatory and proliferation-associated proteins.
Adrenocortical carcinoma is a highly aggressive, rare endocrine malignancy. However, benign, clinically occult adrenal adenomas, adrenal "incidentalomas," are encountered frequently by abdominal imaging performed for unrelated indications. The unsuspected adrenal mass is detected in 2-4% of the general population and in Յ6% of abdominal computed tomography scans in patients aged 60 -70 years (1, 2) . The size of the adrenal mass is considered to be the most reliable predictor of malignancy. As 8 -13.5% of resected adrenocortical carcinomas are Ͻ5 cm, size alone is an imperfect criterion for malignancy (3) .
In a study of metastasizing and nonmetastasizing adrenocortical tumors among 43 patients followed for a median of 11 years, Weiss (4) demonstrated the utility of nine histomorphologic criteria in predicting the biology of adrenocortical neoplasms. The histologic findings most predictive of malignancy were Ͼ5 mitoses per 50 high-power fields, atypical mitoses, and venous invasion. No single criterion could distinguish benign from malignant tumor biology; all but one of the benign adrenocortical tumors had two or fewer criteria. In a later study, Weiss et al. (5) modified the diagnostic criteria for benign and malignant adrenocortical neoplasms; tumors exhibiting three or more adverse histologic features were considered malignant. A recent study identified six morphologic prognostic factors that correlated significantly with diseasespecific survival in adrenocortical carcinoma: venous, capsular, and adjacent organ invasion; tumor necrosis and mitotic rate; and atypical mitosis (6) . Both studies identified mitotic activity as the single most important determinant of tumor-related mortality from adrenocortical carcinoma (5, 6) .
Difficulty remains in differentiating benign from malignant adrenal tumors, particularly in large tumors without invasive features and cellular atypia (7) . Nuclear DNA content by flow cytometry correlates poorly with histological and mitotic indices and cannot reliably differentiate between adrenocortical adenoma and carcinoma (8) . P53 tumor suppressor gene alterations have been shown to have variable expression and little prognostic value for adrenocortical carcinoma (8 -10) . Immunohistochemical analyses of antigens that serve as markers of cell proliferation-Ki67, PCNA, and epidermal growth factor receptor-have demonstrated relatively increased expression of these proteins in adrenocortical carcinoma (11) (12) (13) (14) (15) (16) . No consistent correlations between these cell cycle proteins and histopathology, mitotic index, and outcome could be identified (16) .
Multimolecular profiling using immunohistochemical analysis of tissue microarrays has been shown to be an efficient, reproducible, and valid method to study cell cycle regulatory proteins in endocrine neoplasms (6, (17) (18) (19) . In the present study, tissue microarrays and immunohistochemical analysis are applied to a cohort of adrenal tumors. The main objective of the study is to define molecular phenotypes of potential value in distinguishing benign from malignant adrenocortical neoplasms. For that purpose, we compared a group of adrenocortical carcinomas about which we previously published (6) with a group of adrenocortical adenomas from our institution.
MATERIALS AND METHODS

Patient Search and Inclusion and Exclusion Criteria
We identified 67 consecutively treated patients with histologically confirmed adrenocortical carcinoma from the Memorial Sloan-Kettering Cancer Center Prospective Endocrine Tumor Database. All patients underwent resection of primary adrenocortical carcinoma and had histopathologic slides available for review. Paraffin-embedded blocks were available for 38 of these patients. We reported on the above-mentioned group of adrenocortical carcinoma patients in a prior publication (6) . A search of the Memorial Sloan-Kettering Cancer Center Department of Pathology computerized database was conducted using the terms adrenal and adenoma, identifying 60 patients treated surgically for adrenal adenomas between the years 1990 and 1998. Patients with nonadrenocortical tumors, or those with adrenal hyperplasia or metastasis to the adrenal gland and those having only fine-needle aspiration or biopsy of the adrenal were excluded, leaving 37 patients treated with adrenalectomy with available slides for review. Paraffin blocks were available for 33 cases. All available clinical, pathological, treatment, and follow-up data were reviewed and were updated for 104 patients who underwent adrenalectomy for either adrenocortical adenoma or carcinoma. The role of re-resection and prognostic variables for adrenocortical carcinoma were the subjects of previous reports from our institution (20, 21) . We later defined the molecular phenotype of normal adrenal tissue and malignant adrenal tumors and compared the morphologic and molecular parameters with one another and correlated these factors with patient outcome in a multivariate analysis (6) . The purpose of the present study is to compare the histological features and multimolecular phenotypes of benign and malignant adrenocortical neoplasms.
Treatment
All patients underwent primary treatment according to standard of care at Memorial SloanKettering Cancer Center with adrenalectomy with or without concomitant solid-organ (pancreas, spleen, kidney, and/or liver) resection as necessary to achieve complete resection of all grossly evident disease. Adjuvant treatment in the form of radiotherapy or chemotherapy was administered as part of standard of care or as part of clinical trials.
Pathologic Review
All available operative reports and information in the institutional pathology database and pathology reports of the primary tumor were reviewed to confirm completeness of resection. All available autopsy reports were reviewed. Two members (RAG and AO) of the pathology department conducted a critical histopathological review of all available slides. A mean of 11 hematoxylin-eosin slides per patient was reviewed in conjunction with the corresponding pathologic record but without knowledge of clinical data. All histologically confirmed adrenocortical adenomas and carcinomas were included in the analysis. All adrenocortical tumors were evaluated according to the following pathologic criteria: gross tumor size and weight, nuclear grade, mitotic rate per 50 high power fields (hpf), tumor cell cytoplasm (0 -25% and 26 -100% clear) and architecture (diffuse and nondiffuse), presence or absence of atypical mitoses, necrosis, and unequivocal capsular, venous, sinusoidal and adjacent organ invasion (4, 5) . All adrenocortical carcinomas in this study had three or more of Weiss' histologic criteria (4) . Mitotic rate was determined by counting 50 high-power fields (400ϫ) with an Olympus microscope (U-DO model). The regions of the slide selected were those containing the highest concentrations of mitotic figures. Each 10 highpower fields were counted on a different slide as feasible. Architecture was defined as "diffuse" when sheets of cells without a characteristic pattern of growth comprised Ͼ33% of the tumor; otherwise, the architecture was categorized as nondiffuse. Endothelial lined vessels with muscle comprising the vessel wall were regarded as a vein, unlike sinusoids, endothelial lined vessels with little supporting tissue. A vein or sinusoid within or external to the adrenal tumor that contained tumor cells within its lumen and was adherent to its wall defined venous or sinusoidal invasion. A tumor completely penetrating the surrounding capsule defined unequivocal capsular invasion.
Clinicopathological Categories
Clinical data included patient age, gender, presenting symptoms, functional endocrine tumor activity, history of prior malignancy, and radiologic tumor size. During the histopathologic review, microscopic resection margins as well as the 11 previously noted morphologic criteria of Weiss (4) were recorded. Molecular markers studied included Ki-67, p53, mdm-2, p21, p27, bcl-2, and cyclin D1.
Definitions
A primary tumor was defined as a previously untreated, or biopsied (needle aspiration, incisional, or inadequate excisional biopsy), mass before definitive surgical therapy. Patients were considered to have prior cancer if they had a histologically confirmed malignancy other than nonmelanoma skin cancers or carcinoma in situ of the cervix before diagnosis of the adrenal neoplasm. An adrenal neoplasm was considered functional when biochemical analysis confirmed excess adrenocortical hormone secretion. Complete surgical resection was defined as the absence of gross residual disease after surgical excision of the adrenal tumor. Microscopic margins were defined at the time of initial histopathological assessment and confirmed at time of re-review. Microscopic resection margins were categorized as positive (tumor at the inked margin) or negative (no tumor at the inked margin). Follow-up was calculated from the time of primary operation to the date of last follow-up.
Tissue Microarray Construction and Immunohistochemistry
Paraffin-embedded blocks were available for 33 and 38 patients with adrenocortical adenoma and carcinoma, respectively. Five-micrometer hematoxylin/eosin-stained sections of paraffinembedded sections of benign and malignant adrenocortical tissue were reviewed to confirm diagnosis and target areas of the block for tissue microarray construction, from which 0.6-mmdiameter core biopsies were taken with a precision instrument (Beecher Instruments, Silver Spring, MD) as described elsewhere (19, 22) . Tissue cores were arrayed in triplicate on a recipient paraffin block (22) . Five-micrometer sections of these tissue array blocks were cut and placed on charged polylysine-coated slides. These sections were used for immunohistochemical analysis as described elsewhere (6, (17) (18) (19) . Tissues and cell lines known to express the antigens of interest were used as positive controls. Normal tissues were included on the microarray and were used as baseline controls.
Sections from tissue arrays were deparaffinized, rehydrated in graded alcohols, and processed using the avidin-biotin immunoperoxidase method. The sections underwent microwave oven treatment for 15 minutes in 0.01 M-citrate buffer at pH 6.0. This procedure was followed for all antibodies used in this study, with the exception of Ki-67 antibody that was incubated in preheated 0.05% trypsin, 0.05% CaCl 2 in 0.05 M Tris-HCl (pH 7.6) for 5 minutes at 37°C before microwave treatment. After antigen retrieval, slides were incubated in 10% normal horse serum for 30 minutes, then incubated overnight at 4°C in appropriately diluted primary antibody. Mouse anti-human monoclonal antibodies to p53 (Ab-2, clone 1801, 1:500 dilution; Calbiochem, Cambridge, MA), mdm-2 (clone 2A10, 1:500 dilution; provided by Dr. A. Levine, Rockefeller University, New York), p21 (WAF-1 [Ab-1], clone EA10, 1:100 dilution; Calbiochem), p27 (kip-1 [Ab-2], clone DCS72, 1:500 dilution; Oncogene Research Products, Cambridge, MA), cyclin D1 (Ab-3, clone DCS-6, 1:100 dilution; Calbiochem), Ki-67 (clone Mib-1, 1:1000 dilution; DAKO, Glostrup, Denmark), and Bcl-2 (clone 124, 1:154 dilution; DAKO) were used. The anti-p53 antibody detects wild-type and mutated p53. Samples were then incubated with biotinylated anti-mouse immunoglobulins at 1:500 dilution (Vector Laboratories, Inc., Burlingame, CA), followed by avidin-biotin peroxidase complexes (1:25, Vector Laboratories, Inc.) for 30 minutes. Diaminobenzidine was used as the chromogen, and hematoxylin, as the nuclear counterstain.
Rates of lost cases attributable to tissue damage ranged between 1 and 10% for the different molecular markers. Immunoreactivity was classified as continuous data (undetectable levels, 0, to homogeneous staining, 100%) for all markers. Two investigators (RAG, AO) reviewed and scored slides independently by estimating the percentage of tumor cells showing characteristic staining. The cutoff val-ues for tumor cell staining used in the present study were defined based on previously established cutoff values used in prior clinicopathological studies of endocrine neoplasms employing identical reagents (6, 17, 18) . Evaluation of microarray-based data was performed according to a previously established and validated system (19) . The cutoff values for tumor cell staining used for all adrenocortical neoplasms in this study were defined as follows: (1) high Ki-67 proliferative index if Ͼ5% tumor nuclei stained; (2) p53 nuclear overexpression if Ͼ5% tumor nuclei stained; (3) mdm-2 overexpression if Ͼ50% tumor nuclei stained; (4) p21 nuclear overexpression if Ͼ10% of tumor nuclei stained; (5) p27 nuclear overexpression if Ͼ30% nuclei stained; (6) Bcl-2 overexpression if Ͼ50% of tumor cells demonstrated cytoplasmic staining; and (7) cyclin D1 overexpression if Ͼ5% of tumor nuclei stained. Tumors were then grouped into binary categories defined as follows: negative expression (neoplasms below defined cutoff value of immunoreactivity) and positive expression (neoplastic tissues above defined cutoff values of immunoreactivity).
Statistics
Associations between categorical variables were evaluated using the Fisher's exact test when frequency was small and were carried out using the 2 test with Yates' correction when frequency was large enough to justify its use. The CochranArmitage test was used to test for trends. Nonparametric comparison of median values across groups was performed for continuous variables using the Wilcoxon/Kruskall-Wallis rank-sum tests. To assess the independent predictive effect of a covariate (tumor size or mitotic rate, for example) for a nominal response (in this case malignancy), a logistic regression model was constructed and parameters were estimated using maximum likelihood. No multivariate analyses were performed for the clinical endpoints because of the moderate number of cases and the fact that only very few cases had not developed the endpoint. The likelihood ratio test was computed for each effect in the model. Confidence limits and odds ratios were calculated for the maximum likelihood parameter estimates. Many of the variables, such as mitotic index and molecular markers, had skewed distributions with a large number of ties at the lower end of their range. For information purposes, the median of the variables is reported where appropriate, but for purpose of analysis, they were analyzed as categorical variables. Statistical analysis was performed using the JMP statistical package (JMP, Cary, NC). A P value of Ͻ.05 was considered significant.
RESULTS
Clinical Features
Median follow-up for those alive at time of last clinic visit was 5.5 years (range, 1.2-16.9 y). The majority (78.4%) of benign adrenal tumors were identified among patients with previously treated nonadrenal malignancy during cross-sectional imaging. Adrenalectomy in these patients was performed on the basis of increased suspicion of single-site metachronous distant metastasis. Three (8.1%) of these patients were found to have asymptomatic functional tumors during biochemical testing. The fact that functional adrenocortical neoplasms were associated with higher mitotic (79% vs. 28%, Ͼ5 per 50 high-power field, P Ͻ .001) and Ki-67 overexpression (29% vs. 8%, positive, P ϭ .1) than nonfunctional tumors likely reflects the increased proportion of hormonally active malignant to benign lesions (45% vs. 8%, P Ͻ .001). Median primary tumor size of adrenocortical carcinoma significantly exceeded that of adrenal adenoma (14.5 vs. 2.5 cm, P Ͻ .001). Median size of the adrenal tumors was significantly higher, with high mitotic activity (3.6 vs. 14.9 cm: Յ5 vs. Ͼ5 per 50 high-power fields, P Ͻ .001) and Ki-67 overexpression (15 vs. 4 cm: [ϩ] vs.
[-] Ki67, P Ͻ .001). See Table 1 for a summary of these features.
Morphology
No benign and 91% of malignant tumors exceeded 100 g in weight (P Ͻ .001). Although no adenoma in this study had histologic evidence of venous, capsular, sinusoidal, or adjacent organ invasion, these findings were identified in 42%, 53%, 94%, and 8% of adrenocortical carcinomas (P Ͻ .001). The majority (87%) of adrenal adenomas 
Mitotic figures were observed in all but two (3.0%) primary adrenal malignancies. A single mitotic figure was identified among 1850 high-power fields examined in adrenocortical adenomas. Although not specific for malignancy, mitotic figures were an infrequent finding among benign adrenal tumors (3% vs. 97%, P Ͻ .001). Mitosis of Ͼ1 per 50 high-power fields was specific for adrenocortical carcinoma in this patient cohort.
Most (82%) malignant adrenal tumors had diffuse architecture consisting of sheets of cells without a characteristic pattern of growth in Ͼ33% of the tumor; however, this feature was not observed in any benign adrenal tumor (P Ͻ .001). Zero to 25% clear tumor cell cytoplasm was not a specific manifestation of malignancy, as 13.5% of adenomas demonstrated this finding.
The frequency of 12 morphologic features among benign and malignant adrenocortical tumors is shown in Table 2 . These adverse pathologic features include tumor weight of Ͼ250 g; nuclear Grade III or IV; necrosis; diffuse architecture; 0 -25% clear cytoplasm; presence of capsular, venous, sinusoidal or adjacent organ invasion; mitotic activity of Ͼ5 per 50 high-power fields; and mitotic atypia. The number of adverse morphologic features (morphologic index) was used in the analysis.
Immunohistochemical Profiling of Cell Cycle Regulatory Proteins
See Table 3 for a summary of these profiles. The patterns of p53 expression and those of important related molecules, mdm-2, p21, and Bcl-2 were investigated. Expression patterns of two regulators of cell cycle progression, cyclin D1 and p27, as well as the cell proliferation marker, Ki-67, were evaluated as well. The anti-p53 antibody detects wild-type and mutated p53. The half-life and expression of p53 protein is low and therefore undetectable by immunohistochemistry. In malignant cells, most p53 mutations lead to products that are not ubiquitinated, accumulate in the nuclei, and can be demonstrated by immunohistochemistry. Immunohistochemical profiling of p53 expression demonstrated absence of nuclear staining in all but two (5.4%) adrenocortical carcinomas.
Although the majority of adrenal neoplasms demonstrated nuclear staining for the inactivating p53-binding protein, mdm-2, nuclear overexpression of this molecule was infrequent (28% overall). The overexpression of mdm-2 among adrenocortical adenomas and carcinomas was not significantly Numbers Ͻ67 indicate only those variables that could be determined with certainty after review of the histopathology slides and pathology reports. different (36% vs. 20%, P ϭ .13). Nuclear p21 expression was present in both benign and malignant adrenocortical tumors, although a significantly lower proportion of adenomas manifested the p21-positive phenotype (36% vs. 69%, P ϭ .006).
The lowest rates of expression among the investigated markers were observed for the antiapoptotic molecule, Bcl-2, and the regulator of the G1 checkpoint of the cell cycle, cyclin D1. Low to absent nuclear immunostaining for these two molecules was identified in all benign and malignant adrenal tumors. The highest rate of expression for both benign and malignant adrenocortical tumors was for the cyclin-dependent kinase inhibitor, p27 protein; however, a significantly lower proportion of adenomas manifested the p27-positive phenotype (69% vs. 94%, P ϭ .009).
Tumor cell proliferative activity was evaluated by immunostaining against the Ki-67 antigen. No patient with adrenocortical adenoma in this study demonstrated a Ki-67-positive phenotype, defined as Ͼ5% of tumor cells with nuclear immunoreactivity. Ki-67 overexpression was present in 35% of adrenocortical carcinomas (Fig. 1) . Thus, differential molecular expression distinguished between the benign and malignant adrenal tissue, as there was statistically significant differential expression of the following cell cycle regulatory proteins: Ki-67, p21, and p27 (Table 3) .
As no cases in this study demonstrated overexpression of Bcl-2 or cyclin D1, and only two cases overexpressed p53, these markers have little value in predicting adrenocortical tumor biology. Given the moderate number of cases in the tissue microarray, we used the number of markers with unfavorable expression pattern for analytic purposes. Overexpression of Ki-67, p21, and p27 were predictive of malignancy, and overexpression of mdm-2 correlated with benign adrenal tumors by univariate analysis. Therefore, Ki-67 (ϩ), p21 (ϩ), p27 (ϩ), or mdm-2 (Ϫ) was regarded as an unfavorable molecular expression pattern (Fig. 1) . Each tumor could have zero to four unfavorable molecular markers. The number of unfavorable markers expressed was highly predictive of malignancy, as the proportions of carcinomas expressing zero, one, two, three, and four unfavorable molecular markers were 0, 12%, 44%, 72%, and 100%, respectively (Table 4, P Ͻ .001).
Morphologic and Molecular Correlations
A progressive increase in Ki-67 proliferative index was observed with increasing mitotic rate ( Table 5 , P Ͻ .001). No similar significant association was evident between mitotic rate and either p21 (P Ͼ 0.7) or p27 (P Ͼ 0.1). Ki-67 expression was significantly associated with morphologic index, as Ki-67 overexpression was significantly greater for tumors manifesting Ͼ5 than Յ5 of 12 adverse morphologic features (Table 5 , P Ͻ .001). Significant associations also existed between the p27 expression and pathologic features (Table 5 , P Ͻ .05), but no significant association was found between p21 expression and morphologic index (P ϭ .08). There were significant associations between both mitotic rate (P Ͻ .001) and morphologic index (P Ͻ .001) with number of unfavorable molecular markers expressed (Table 6 ).
Morphologic and Molecular Predictors of Metastatic Adrenocortical Carcinoma
At the time of last follow-up, 47 patients had died of disease, 13 had died of other causes, 8 were alive with distant metastases, 31 had no evidence of disease, and 5 were lost to follow-up. The majority (57/67, 85%) of patients with adrenocortical carcinoma developed distant metastasis. The number of adverse morphologic features was associated with risk of distant metastasis, as 43% of tumors demonstrating five or fewer and 90% of those with more than five pathologic features developed systemic spread of disease (P Ͻ .01). Histological factors that were significantly associated with distant metastasis of adrenocortical carcinoma included the presence of tumor necrosis (P Ͻ .01), Ͼ5 mitosis/50 hpf (P Ͻ .01), atypical mitoses (P ϭ .05), and sinusoidal invasion (P Ͻ .01). No statistically significant correlation could be identified between distant metastasis and any individual investigated molecular markers. The number of unfavorable markers expressed was highly predictive of metastatic spread, Number of patients in subgroup Ͻ total number in respective group reflects tissue loss during specimen micro array processing.
as the proportions of carcinomas with distant metastases expressing zero, one, two, three, and four unfavorable molecular markers were 0, 13%, 38%, 48%, and 75%, respectively.
DISCUSSION
The development of advanced cross-sectional imaging has led to earlier diagnosis of malignant adrenocortical tumors, thereby increasing the challenge of differentiating benign from malignant pathology on the basis of histomorphologic features alone (3, 23) . Most adrenocortical adenomas can be distinguished from carcinomas by permanent section microscopy based on well-defined, uniformly agreed-upon pathologic criteria (4 -6). However, the specific histologic diagnosis of adrenal neoplasms can be challenging. Controversy exists over the usefulness of immunohistochemical analysis of biomarkers in indeterminate cases. The purpose of this study was to determine whether immunohistochemical molecular profiling based on tissue microarrays may identify markers useful in distinguishing benign from malignant adrenocortical neoplasms. The pathologic criteria of Weiss et al. (4) were applied in the present histopathological analysis of adrenocortical neoplasms, and carcinomas were defined as tumors demonstrating three or more histologic criteria. No adenoma studied demonstrated venous, capsular, sinusoidal, or adjacent organ invasion; tumor necrosis; or atypical mi- (18, 19, 24) . Investigation of cell-cyclerelated molecules with this technique has been employed to study a variety of endocrine neoplasms (6, (17) (18) . The most frequently detected mutations in human malignancy involve the p53 tumor suppressor gene (25, 26) . Point mutations and/or deletions inactivate p53, allowing unchecked progression of cells containing damaged DNA through the S phase of the cell cycle, thereby supporting the development of a neoplastic phenotype (9, 10, 25, 26) . This and prior studies have demonstrated low to absent p53 immunoreactivity in adrenal adenomas; however, the rate of immunopositivity among carcinomas has been highly variable, ranging from 5% in this study to 52% (6, 9, 10, 15) . This lack of reproducibility among investigators makes it unlikely that p53 alone is of practical use in differentiating benign from malignant adrenocortical tumors. This may be related to antibody selection, inability of the antibody to recognize a protein with altered configuration, or antigen retrieval methodology.
Murine double minute (mdm-2) binds p53 and induces its degradation and appears to be a common mechanism of p53 inactivation in human malignancy (27) . Overexpression of mdm-2 was associated with benign tumor biology in this study and with normal adrenal histology in a prior study (6) . There were no significant differences in the mdm-2 positivity rate between adrenocortical adenomas and carcinomas that precluded its use in the differential diagnosis. Wild-type p53 protein and p53-independent cellular growth-promoting factors induce overexpression of the cyclin-dependent kinase inhibitor, p21, that leads to cell cycle arrest. No relational pattern could be identified for p21 and mdm-2 overexpression in the same adrenal tumors. However, this and a previous study found significant differential expression of p21 among normal, benign, and malignant adrenal tumors (6) . The absence of p21 overexpression has been associated with adverse outcome in other solid-organ tumors (28 -30) . The present data suggest that p21 is not sufficiently specific for the diagnosis of adrenal malignancy and that nor is it predictive of metastatic risk.
In adenomas as well as in carcinomas, there was no overexpression of the anti-apoptotic molecule, Bcl-2, and the regulator of the G1-S transition of the cell cycle, cyclin D1. Cyclin D1 expression has been found to be uniformly low among normal and neoplastic thyroid, parathyroid, and adrenal tissues; Bcl-2 is overexpressed in thyroid and parathyroid, unlike the case in adrenal tumors, underscoring the marked variability of molecular expression among endocrine neoplasms (6, 17, 18) .
Up-regulation of the cyclin-dependent kinase inhibitor, p27, has been shown to result in cell-cycle arrest and apoptosis (31, 32) . Although a significantly lower proportion of adenomas than carcinomas manifested the p27-positive phenotype in this study, p27 immunostaining lacks the specificity to be of any value in distinguishing between malignant and benign adrenocortical tumors. We evaluated adrenocortical tumor cell proliferation by nuclear Ki-67 immunostaining. No adrenocortical adenoma in this study demonstrated a Ki-67-positive phenotype. High Ki-67 expression was more frequently identified in adrenocortical carcinoma than adenoma, supporting findings of earlier studies and validating the value of this molecular marker in differentiating benign from malignant adrenocortical tumors (12, 13, 16) . The association between Ki-67 expression and mitotic activity has been reported earlier by Nakazumi et al. (16) and Goldblum et al. (12) . The present study supports and extends these findings to a large, pathologically well-characterized cohort with adrenocortical neoplasms. The number of adverse morphologic features displayed by the adrenocortical tumor correlated significantly with expression of Ki-67. This association has not been reported previously, possibly because of the relatively small sample size of patients with adrenocortical carcinoma in earlier studies (12) (13) (14) (15) (16) . The morphologic analogues of tumor cell proliferation as measured by Ki-67 immunostaining appear to be mitotic activity and the number of adverse pathologic features expressed by the adrenocortical tumor. Because Ki-67 interpretation is less subjective than mitotic count, it can be used by less experienced morphologists and can lead to better interobserver agreement in the diagnosis of malignancy in adrenocortical tumors.
We identified Ki-67, p21, and p27 overexpression and mdm-2 underexpression to be associated with adrenal malignancy. We found the criterion of number (0 to 4) of unfavorable markers expressed [Ki-67(ϩ), p21(ϩ), p27 (ϩ), mdm-2(Ϫ)] useful for predicting malignancy. The phenotype Ki-67(ϩ) p21(ϩ) p27 (ϩ) mdm-2(Ϫ) was only seen in malignant cases in this study. However, only 13% of carcinomas expressed this phenotype. Among nine cases with the Ki-67(Ϫ) p21(Ϫ) p27 (Ϫ) mdm-2(ϩ) phenotype, only one was malignant. Albeit few in number, all p53(ϩ) tumors were malignant. Although specific, immunohistochemically defined, multimolecular phenotypes can support the diagnosis of adrenocortical adenoma, they cannot be relied upon for definitive diagnosis of adrenocortical carcinoma in the absence of supportive morphologic criteria, because these molecular markers are not sensitive enough even when combined.
Weiss et al. (5) defined specific morphologic characteristics of adrenocortical carcinoma and found that only mitotic activity correlated significantly with patient survival. The majority of tumorrelated deaths associated with adrenocortical carcinoma occur as a result of distant spread of disease. In this study, we correlated histopathological and molecular parameters with risk of metastasis in adrenocortical carcinomas. Although individual marker expression did not provide insights into the metastatic potential of adrenocortical carcinoma, the number of unfavorable markers expressed [Ki-67(ϩ), p21(ϩ), p27 (ϩ), mdm-2(Ϫ)] was highly predictive of distant spread of disease. Tumor morphology was the dominant determinant of distant disease progression. Histological assessment remains the cornerstone of the diagnosis and assessment of biology for adrenocortical neoplasms at the present time.
